BK virus is ubiquitously present in the latent state in humans, and awareness of the importance of BK polyomavirus is emerging among the kidney transplant community. First discovered in 1971 in the urine of a renal transplant recipient, BK virus nephropathy (BKVN) has come to be recognized as a significant cause of genitourinary disease and potential graft loss in the kidney transplant patient. In this review, we discuss the risk factors, available methods of diagnosis and therapeutic monitoring, and current approaches to therapy of BKVN.
RISK FACTORS
Multiple conditions have become generally accepted as risk factors for BKV infection, and the interaction between these factors may play as important a role as the presence of each individually.
Some controversy exists over the contribution of different drugs to the development of BKVN [26, 28, 29] . The existing literature consists of mainly small retrospective series. Cases of BKV infection began appearing in the literature in the 1990s, coinciding with the increased use of tacrolimus and cellcept, mycophenolate mofetil (MMF). In the existing published literature, over 90% of cases have been reported in patients exposed to tacrolimus or cellcept or both. Early reports demonstrated stabilization or improvement in disease with conversion from tacrolimus to cyclosporine [26, 30] . However, this association does not establish causality and may reflect the prevalence of these two drugs in current immunosuppression regimens. In addition, the increasing prevalence of disease due to BKV is likely, in part, the result of bias due to enhanced surveillance and detection [31] . A retrospective review of biopsies from Basel, Switzerland from 1985-1995 reported the prevalence of BKV with the following immunosuppressive regimens: tacrolimus/cellcept 30/65(46%), cyclosporine/azathioprine 18/43 (41%), tacrolimus/azathioprine 19/69(27%), cyclosporine/cellcept 3/23 (13%) [25, 32] .
Antilymphocyte preparations for induction have not been significantly associated with BKVN, but their use in the treatment of rejection has been associated with virus replication in patients managed on, or switched to, triple therapy containing cellcept or tacrolimus [18, 26] . The use of steroids for maintenance or treatment of rejection has been associated with an increased risk of BKVN, but only if maintenance immunosuppression was intensified. The risk of BKVN decreased, despite steroid use, if total maintenance immunosuppression was decreased [18, 33] . In summary, the data remain unclear regarding the benefit of steroid avoidance or early tapering in regards to the development of BKVN [32] .
The overall degree of immunosuppression may be a greater factor than the particular choice of any individual drug [34] . BKVN has been reported in a patient managed on sirolimus in the absence of either cellcept or tacrolimus [35] . Improvement or stabilization of disease has been reported in KTX recipients continued on reduced doses of cellcept or tacrolimus [36] .
Other factors that increase the transplant patient's overall degree of immunosuppression have also been linked to an increased propensity toward development of BKVN and include frequency of treatment for acute cellular rejection (ACR) episodes and patient factors such as age [37, 38] , pharmacogenetics, cytokine profile (low interferon expression, high interleukin-6 [IL-6] or transforming growth factor-beta1 [TGF-β1] expression [39, 40] ), and comorbidities affecting immune status such as diabetes [17, 38, 41] or pregnancy [13] . BKV serostatus appears to be important, with the highest rates of disease occurring in seronegative pediatric recipients of seropositive donors [19, 42, 43] . Recipients of BKV seropositive donors with high viral loads also appear to be at increased risk for the development of BKVN [4, 13, 20] .
Factors involving the microenvironment of the graft and its permissiveness likely play an important role as BKVN in the native kidney, while reported [44, 45] , is rare despite the use of many of the same medications in other solid organ transplant recipients. These factors include a history of graft injury, tissue ischemia [4, 13, 20] , occurrence of rejection itself (separate from treatment of rejection) [46] , and degree of antigen mismatch (HLA-ABDR) [47] . An increase in CD20 and decrease in cytotoxic T cells in the graft appears to be characteristic of BKVN [48] . Variables such as cold ischemia time, donor source (cadaveric vs. living), occurrence if delayed graft function have not been associated with BKVN [18, 37, 49] .
Characteristics of the virus that may alter its pathogenicity also appear to be important. Genetic changes that alter the structure of the viral capsid protein (VP-1) or alter efficiency of gene expression of replication have been associated with disease [50, 51] . Mutations in the VP-1 gene alter viral pathogenicity in mice. VP-1 sequence variations were noted in biopsies from patients with BKVN. Entry of the virus into the host cell is mediated by binding of VP-1 to an as yet uncharacterized protein containing α (2-3)-linked sialic residues and involves the caveolin pathway. Viral genomic regions relevant to pathogenesis of human disease include the noncoding control region (NCCR) that controls early and late transcription by enhancer elements, the T-antigen region, and the VP-1 region. NCCR rearrangement seen in cases of JC virus linked to progressive multifocal leukoencephalopathy does not appear to be requisite for the development of BKVN and were found in only 3/15 (20%) of patients with BKVN. In contrast, sequence alterations in transcription factor binding sites in NCCR are common in BKVN and included substitutions at Granulocyte Macrophage Stimulating Factor Promoter (22/26 biopsies), substitutions at NF-1 binding sites (4/24), duplicated AP-2 binding site (3/24). T-antigen mutations were commonly found, but produced amino acid changes in only 1/20 biopsies examined (glutamine to leucine). Unlike JC virus where pathogenicity is linked to viral genotype, genotypes did not appear to be altered in BKVN. Of 17 patients sequenced, 11 (65%) were found to be type 1, 1 (6%) type 2, 5 (29%) type 5, which is comparable to the type distribution in patients with asymptomatic viral shedding [52] . However, complete sequence identity with known genotypes was seen in only 5/49 biopsies. Temporal changes were also noted in all patients with multiple biopsies suggesting viral attempts at either evasion of host immunity or the development of drug resistance [50] . Other reported risk factors for BKVN include male gender and white ethnicity [37] , and the placement of ureteral stents [25] .
DIAGNOSIS/ SCREENING/THERAPEUTIC MONITORING
The majority of adults harbor latent BKV and not all infection, whether primary or reactivation, leads to disease. In addition, not all disease leads to graft dysfunction. Therefore, the crux of BKV testing involves the ability to differentiate its benign presence from that of virus poised to damage the allograft, at an early enough stage where harm to the allograft is either preventable or reversible. Several urine, blood, and tissue tests are currently available. With the currently available noninvasive blood and urine assays, there remains considerable overlap of findings between asymptomatic, acute, and resolving BKVN. Also, the available assays have not been rigorously compared with each other in KTX recipients, and the sensitivity and specificities of urine and blood tests vary with a number of factors including the type of specimen being tested, the target sequences used for detection, the patient population under study, level of immunosuppression, and the timing of samples relative to diagnosis. Finally, as for all viral pathogens, absolute BK viral loads can differ significantly between laboratories [35] , thus knowledge of a particular laboratory's operating characteristics remains crucial to the interpretation of results.
Tissue Biopsy
The definitive diagnosis of BKVN is made by tissue biopsy. Histopathology also carries prognostic significance. The finding of tubular injury is most strongly correlated with the degree of allograft dysfunction [53] . The pathology of BKVN progresses through four phases: the first marked by silent viral inclusions initially involving the medulla (Fig. 1) , the second by acute tubular necrosis ( Fig. 2) possibly through a direct viral cytopathic effect, the third by viral interstitial nephritis with tubulitis ( Fig. 3) , and the fourth by chronic allograft nephropathy (Fig. 4) . Thus, typical biopsy findings include severe tubular injury with mononuclear interstitial infiltrates, with or without tubulitis, epithelial necrosis, denuded tubular basement membrane, and focal intratubular neutrophilic infiltrates. These changes may be very focal with varying degrees of inflammatory cell infiltrates, tubular atrophy, and fibrosis [17, 21, 54, 55, 56] . 
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TheScientificWorldJOURNAL (2006) Light microscopy is not pathognomonic. The biopsy appearance can be confused with rejection, even by experienced pathologists, and because the abnormalities can be focal, a negative biopsy cannot rule out disease [28] . Helpful findings include large tubular epithelial or glomerular parietal cells with nuclear atypia and basophilic or amphophilic intranuclear viral inclusions [17, 28] . The presence of endarteritis, fibrinoid vascular necrosis, glomerulitis Banff type II and III, and peritubular capillary C4d deposition are generally considered to be more consistent with rejection [57, 58] . Differentiating BKVN from cellular rejection with biopsy changes limited to Banff type I, which can be a manifestation of graft response to antigens in either the virus or the graft, remains difficult. Tubular HLA-DR expression, lymphocytic infiltrates, and tubulitis in areas without polyomavirus replication are suggestive of ACR [59] .
For confirmation, most centers employ immunohistochemistry with antibodies to polyomavirus proteins. Some centers use in situ hybridization to identify polyomavirus genomes or electron microscopy to demonstrate virus particles measuring 45-55 nm in diameter [15, 17, 54, 55] (Figs. 5,6,7) . However, these tests are not specific for BKV. If light microscopy and immunohistochemistry are negative for findings of BKVN, but clinical suspicion is high and is supported by plasma or urine findings, repeat biopsy may be indicated.
Quantitative polymerase chain reaction (PCR) can also be performed on the biopsy specimen. One study found that patients with BKVN had a mean viral load of approximately 6000 copies/cell compared to controls with chronic allograft nephropathy, ACR, or CMV infection who had a mean viral load of 3.8 copies/cell. In the same study, a viral load of >59 copies/cell identified all cases of BKVN. Using this cutoff, their reported sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were 100, 92.1, 73.6, and 100%, respectively. Lower levels were found in some specimens performed on patients who, on later biopsies, had a significant viral load and developed BKVN [60] . 
Urine
Available urine studies include qualitative tests such as cell culture and cytology, and quantitative tests such as PCR. Cell culture is limited by low sensitivity, slow turnaround time (14-28 days), and subtle cytopathologic changes requiring an experienced interpreter. Infected cells shed into urine from renal tubules, particularly along the distal convoluted tubule and collecting duct, and superficial layers of the uroepithelium [15] . Cytology depends on the detection of these "decoy cells" in the urine, which are detected with the Papanicolaou stain, immunocytochemistry, or electron microscopy. Decoy cells have a characteristically enlarged nucleus with basophilic inclusions surrounded by ground-glass or clumpedappearing chromatin (Fig. 8) . Viral inclusions can have a vesicular appearance or halo, and the cell body can appear neoplastic. CMV infection can have a similar appearance [61] . Immunocytochemistry helps to identify polyomavirus, however, it cannot specifically identify BKV from other polyomaviruses and only identifies viral antigen in abnormal cells. Results may not correlate with serology [62] . In addition, falsenegative results can occur if the specimen is not sufficiently cellular, the virus load is low, or there is vaginal contamination. Sensitivity and NPV have been reported as approximately 40 and 80%, respectively [63] . There exists some disagreement on the predictive value of urine cytology as decoy cells may be present without clinical disease [21, 54, 56, 59] .
Quantitative PCR assays have been developed at various institutions. There is, as yet, no standard assay and thresholds for detection and significance vary between laboratories. Detection may also be affected by urine concentration. However, one study found quantitative real-time PCR results between labs to be equivalent within one log base 10 [32] . Most laboratories use an arbitrary detection limit of 1000 DNA copies/ml. Higher-sensitivity PCR techniques that can detect fewer copies have been reported, but do not appear to enhance the predictive characteristics of the test [32] . Quantitative urine PCR has a reported sensitivity for BKVN of 100%, specificity of 95%, PPV of 84%, and NPV of 100% [36, 64] . Assays for 'BKV viral capsid protein 1 mRNA' have also been developed for urine. BKVN has been associated with urine VP-1 mRNA ≥ 6.5 × 10 4 copies/ng of total RNA yielding a sensitivity of 94% and specificity of 88% [24, 32] .
Blood
A fourfold rise in antibody titer is suggestive of disease activation. Incomplete removal of nonspecific inhibitors can lead to false-positive results [65, 66] .
Quantitative PCR for BKV DNA can also be performed on peripheral blood samples. The thresholds for detection vary somewhat depending on the type of sample used for the DNA preparation (i.e., plasma, serum). The reported sensitivity and specificity for BKVN is reported as 100 and 88-95%, respectively, with a PPV of 82% and NPV of 100% [67] . Plasma viral load has been shown to fall after decreasing immunosuppression or following nephrectomy [68] and appears to closely follow the clinical course in BKVN, making it a useful test both for identifying patients at risk for the development of BKVN and for therapeutic monitoring [67, 68] .
Recommendations:
To date, there is no large prospective study that demonstrates a consistent correlation between renal biopsy and a noninvasive assay. Biopsy remains the gold standard.
Findings and recommendations from the interdisciplinary work group convened in Basel, Switzerland in 2003 and published in Transplantation in 2005 are as follows [32] : Viuria by cytology or PCR appears to precede viremia by a median of 4 weeks and precede the appearance of histological abnormalities by a median of 12 weeks [18, 25] . Screening for BKVN in urine and blood is recommended every 3 months during the first 2 years following kidney transplant and annually thereafter until the fifth post-transplant year. Testing is also recommended at any time a patient is evaluated for allograft dysfunction. Any positive screening test should be followed by confirmatory testing with biopsy within 4 weeks. Early biopsy based on surveillance has been associated with improved graft outcome [22] .
In our laboratory, a urine PCR threshold of > 1 x e 7 copies/ml in urine has been associated with a sensitivity of 100%, specificity of 96%, NPV of 100%, and PPV of 67% for the diagnosis of BKVN. A plasma threshold of 5000 copies/ml has yielded sensitivity of 100%, specificity 93%, NPV 100%, PPV 50%. Other laboratories have demonstrated a specificity for the detection of BKVN of ≥93% using a plasma threshold of 10,000 copies/ml [32, 69] . Results persistently exceeding this threshold for greater than 3 weeks should be considered presumptive BKVN and should be followed by biopsy [32] . For the analysis of BKVN, the Banff working classification group has recommended the acquisition of at least two biopsy cores that contain medullary parenchyma [57] . Further research is needed to validate these recommendations.
Routine monitoring is obviously important to the early diagnosis of BKVN before significant graft injury occurs and to monitor response to titration of immunosuppression and antiviral therapy once the diagnosis is made. It may also play a future role in guiding preemptive therapy. There is currently insufficient evidence to guide management in this arena, however, for patients with persistently abnormal viral loads, but negative repeated biopsies, a preemptive decrease in immunosuppression could be considered. Once the diagnosis of BKVN is made, the patient should be monitored with quantitative urine and plasma studies every 2-4 weeks during therapy, with a therapeutic goal of achieving viral loads below the diagnostic threshold, and preferably below the level of detection [32] . Patients with resolved BKVN usually demonstrate clearance of viremia, decreased viuria, resolution of nuclear inclusions, and reversal of pathologic light microscopy findings, but persistent low-level DNA in biopsy specimens. If the patient fails to demonstrate a response to therapy, reassessment and repeat biopsy are recommended [32] .
THERAPY Decreasing Immunosuppression
In addition to the management of acute issues (i.e., hemodialysis for renal failure, surgical intervention for hydronephrosis or ureteral stenosis), the mainstay of current therapy remains the reduction of immunosuppression. No uniformly accepted recommendations for target drug levels or drug dosages exist. In addition, a KTX patient's overall state of immunosuppression is likely affected by factors other than medications such as age, comorbidity, and pharmacogenetics. One report did find that reducing tacrolimus trough levels from >9 to 6 ng/ml and cellcept doses to ≤1 g/day resulted in improvement or stabilization of disease in nine of ten patients studied [32] .
Decreased immunosuppresion is associated with an increased risk of rejection, which has been reported in up to 25% of patients following dose adjustment [17, 20, 37] . However, the rejection episode may be steroid responsive, without recurrence [18, 25] . Protocols for decreasing immunosuppression vary among institutions, with reported rates of graft loss ranging from <10% to >80% [17, 20, 31] . In the first year post-transplant, when the risk of rejection is highest, evidence exists to support switching or decreasing doses of medications rather than discontinuing a maintenance agent. Moderate evidence exists for substituting cyclosporine for tacrolimus, azathioprine for cellcept, and sirolimus for either tacrolimus or cellcept. Case reports have been published on the conversion from cellcept to leflunomide [70, 71] . Evidence also supports decreasing goals for tacrolimus troughs to <6 ng/ml, cyclosporine troughs to 100-150 ng/ml, and cellcept doses to ≤1 g/day. Following the second post-transplant year when the risk of rejection diminishes, more centers are willing to consider discontinuing components of immunosuppression regimens (i.e., changing triple therapy to double), with regimens including cyclosporine and prednisone, tacrolimus and prednisone, sirolimus and prednisone, and cellcept and prednisone.
At the University of Pittsburgh, our first-line approach to BKVN is to reduce immunosuppression and consider antiviral therapy. Others have advocated in cases where BKVN occurs with concurrent ACR,, a two-step approach with treatment of rejection first, then reduced maintenance after 2 weeks is recommended [28, 33, 72, 73] . The use of antilymphocyte preparations in the setting of BKVN is universally avoided, as their use in the treatment of rejection has been associated with increased virus replication in patients who were managed on, or subsequently switched to, triple therapy containing cellcept or tacrolimus [18, 26] . Steroid use does not appear to worsen the overall course of BKVN if subsequent immunosuppression is decreased. Steroid use does not appear to be beneficial in the absence of rejection, and many centers avoid its use in the setting of active BKVN [74, 75] .
For patients considered to be too high risk to decrease immunosuppression (for example, patients with coexisting nonrenal solid organ transplants) or for those who have failed management with decreased immunosuppression alone, antiviral therapy may be indicated.
Antiviral Therapy
Currently, cidofovir ([S]-9-(3-hydroxy-2-phosphonylmethoxypropyl)cytosine [HPMC] ) is considered the most effective antiviral agent for the treatment of BKVN. Cidofovir is potentially effective for several DNA viruses, including herpesvirus, adenovirus, papillomavirus, polyomavirus, and poxvirus. It is FDA approved for the treatment of CMV retinitis in HIV-infected individuals. Despite only modest in vitro activity against BKV replication, cidofovir remains one of the most selective antipolyomavirus agents available [71, 76] . Its first reported use for BKV infection was in a bone marrow transplant recipient treated for acute, severe hemorrhagic cystitis, resulting in symptomatic response after 2 weeks and persistent undetectable virus after greater than 5 months [77] .
The major drawback to the use of cidofovir in the KTX population is its potential for nephrotoxicity. However, its selective concentration in renal tubular cells and urine supports the use of lower doses without probenicid in the setting of renal dysfunction. Recommendations for the off-label use of cidofovir for the treatment of BKVN include a dose of 0.25-1 mg/kg/dose intravenously every 2-3 weeks (10-20% of the current recommended dose to treat CMV retinitis) without probenicid, with enrollment in a clinical trial [32] . Four patients treated with low-dose cidofovir (0.25-1 mg /kg/dose every 2-3 weeks) without probenecid [27] achieved stable renal function after 6-26 months. Successful treatment has been reported separately in another two patients [78] . The results from a series of 26 patients in our institution, treated with low-dose cidofovir without probenicid, were recently reviewed [Scantlebury, V., Shapiro, R., Randhawa, P., Weck, K. In vitro studies suggest that the beneficial effect of treatment is greatest when started early after the detection of infection [79] . Further studies are needed to refine the criteria for the usage, dosing, and monitoring of cidofovir and to evaluate its potential use in the prophylactic or preemptive treatment of BKV infection.
Leflunomide also has modest in vitro activity against BKV [71] . One study demonstrated decreased viremia and improved histology in 15 of 17 patients converted from cellcept to leflunomide [70] . Less success has been reported in other agents that have been tried for the management of BKVN. In a randomized, double-blind, placebo-controlled trial of 41 KTX patients, low-dose interferon prophylaxis did not reduce the rate of seroconversion or decrease viruria [80] . Use of vidarabine has been reported for the treatment of hemorrhagic cystitis in one bone marrow transplant recipient with resulting resolution of symptoms, but persistence of urine BKV DNA by PCR [81, 82] . In vitro activity against BKV has been demonstrated with DNA gyrase inhibitors, retinoic acid, and 5-bromo-2'-deoxyurindine. A potential role for ciprofloxacin in the prevention of BKVN in patients undergoing allogeneic hematopoietic stem cell transplantation has been published. However, its modest in vitro activity casts doubt on its potential utility in the treatment of established BKVN.
Retransplant
The first reported case of successful retransplantation following graft failure due to BKVN was reported in 2002 [83] . The patient was originally managed on steroids, cellcept, and tacrolimus, received OKT3 for early ACR, but developed graft failure due to BKV interstitial nephritis despite decreased immunosuppression. He underwent an allograft nephrectomy, followed in 4 months by a living-related transplant, was managed postoperatively on tacrolimus, prednisone, and azathioprine, and had remained disease free for greater than 3 years. Surgical removal of the alloureter and graft could be considered in cases of persistent viral infection prior to retransplant, but the eradication of latent virus is not a realistic goal as it would necessitate removal of native kidneys and additional extrarenal sites harboring virus. In addition, the patient is likely to receive a seropositve graft. Recent reports have noted successful retransplant without allograft nephrectomy [84] , and a recent review concluded that allograft nephrectomy is probably unnecessary [85] . The recurrence rate of BKVN has not yet been well established, but occurred in 2 of the first 15 patients to be retransplanted following known graft failure due to BKVN. The risk of recurrence, which may be higher following retransplant than after primary transplant, should be discussed with patients and any potential donors. Prior to retransplant, patients should be screened for BKV and immunosuppression minimized if possible. Recommendations for post-transplant BKV surveillance are currently the same as those for primary transplant. A history of graft failure due to BKVN is, therefore, not a contraindication to future transplant, and successful retransplant appears to be achievable if performed after the resolution of active lytic infection, with continued monitoring for prompt diagnosis and treatment, and avoidance of aggressive immunosuppression [86, 87] .
CONCLUSION
• BKV ubiquitously present in latent state in humans.
• The spectrum of infection includes seroconversion, viruria, stricture, cystitis, and BKVN.
• Quantitative monitoring of viral load is useful for both screening patients and for monitoring Rx.
• Further development of safe and effective antivirals is needed to reduce the burden of disease in kidney transplant patients.
Recommended algorithm for the early diagnosis and management of BKVN. 
